Most infectious diseases are unequally distributed between male and female subjects. This sex dimorphism is confirmed by epidemiologic studies which suggest an increased number of male septic patients, while, due to the class age of septic patients, an overrepresentation of female patients would be expected. Lifestyle, recreational activities, professional exposition and access to care are plausible reasons for this dimorphism. However, biological differences should be carefully considered, particularly the weight of X-linked variability and the role of sex hormones. Animal models clearly show that clinical response to infection is more exuberant in males than in females. This is partly explained by an attenuation of the inflammatory response by female sex hormones. However, the translation from experimental studies to the bedside remains challenging as a result of confounding factors like age, hormone changes and response to treatment.
Introduction
Most diseases are unequally balanced between male and female subjects. In infectious diseases, female subjects seem less prone to develop infection than male subjects, although this fluctuates. Lifestyle, professional exposition, recreational activities and access to healthcare are plausible reasons to explain this dimorphism. On the other hand, X-linked variability and sex hormones may also participate to the sex dimorphism (Fig. 1) . Differences due to environmental factors are grouped under the designation 'gender,' while 'sex' refers to biological dimorphism.
Here we report findings about epidemiology, gender effect and sex differences reported in bacterial infectious diseases.
Epidemiology
Epidemiologic studies have demonstrated that male subjects are more prone to develop most infectious diseases than female subjects. In a meta-analysis, Campanelli et al. [1] assessed 498 146 patients from 12 multicentre randomized clinical trials and 22 original articles published in the three highest-ranked journals focusing on septic shock and severe sepsis. They found that the majority of septic patients were men, confirming the findings of largest cohort studies [2, 3] . Men represent from 54% to 61% of septic patients, whereas the sex ratio of the class age >65 is around 0.7 [1] . Hence, a majority of women would be expected. In parallel, among women referred to intensive care unit, 7.6% developed severe sepsis/septic shock, while 10.4% of all men experienced severe sepsis or septic shock [4] .
This dimorphism is reported in most infectious diseases, including Pseudomonas aeruginosa bacteraemia [5] , Q fever [6, 7] , Legionnaires' disease [8] and tuberculosis [9] . Among patients with Q fever, men are symptomatic more often than women, with a male:female ratio of 2.5 [6] . From 2011 to 2015, the European Legionnaires' Disease Surveillance Network showed that infection due to Legionella pneumophila occurred in male subjects in for 71% of cases [8] . Tuberculosis is a worldwide disease with increasing incidence in low-and middle-income countries. A meta-analysis including 53 publications showed that the overall random effects weighted prevalence per 100 000 individuals was about two times higher in men than in women in bacteriologically positive tuberculosis and smear-positive tuberculosis [9] .
In addition, the site of infection, which affects outcome, differs between men and women [3] . Urinary tract infections are more common in women, whereas endocarditis and mediastinitis occur more frequently in men [10] . One should note that urinary tract infections are associated with the lowest mortality rate among the different types of infection [3] . Taken together, the incidence of infections is marked by an overrepresentation of men and a different distribution infections sites between men and women.
Gender effect
Professional activities, recreational activities and lifestyle affect exposure to pathogens. Serology can be used as a surrogate for a group's exposure to a specific pathogen. In the south of France, Q fever incidence is higher in men than in women. Because Coxiella burnetii is found in hunting areas-with hunting being a recreational activity traditionally performed by menone may hypothesize that men were more exposed than women to C. burnetii. Yet the antibodies directed against C. burnetii in men and women were equally distributed, suggesting a similar level of exposure [6, 11] .
More importantly, access to care in septic patients differs between men and women. Regarding gender equity in healthcare, Diaz-Granados et al. [12] reported inequities in all countries, regardless of income level. In a study measuring the delay of antibiotic administration, the mean time to antibiotics in women was longer than in men [13] . In contrast, in patients with tuberculosis living in low-and middle-income countries, there is strong evidence that men are disadvantaged in seeking and/or accessing tuberculosis care in many settings [9] . A French study which measured the level of care given by nurses to men and women in an intensive care unit did not report significant differences [14] . Thus, access to care remains disparate among men and women, depending on culture, country and infection type.
Biological mechanisms
As reported elsewhere [15] , sex-related differences in infection may be related to the large quantity of X-linked polymorphic immunocompetent genes, differences in X chromosome regulation and inheritance patterns between the sexes and the presence of X-linked cellular mosaicism, which is unique to females. This is illustrated by the impact of the abundance of immune-related genes on the X chromosome on susceptibility to tuberculosis. The X-linked TLR8 polymorphisms have been linked with susceptibility to tuberculosis in boys [16] . Sperry et al. [17] described an X chromosome-linked interleukin 1 receptor-associated kinase (IRAK-1) polymorphism as possibly responsible for sex differences in trauma patients. They identified an IRAK-1 variant in a cohort of patients which was associated with increased rates of organ failure and death. This variant was found in 88% of male and 67% of female subjects; female subjects who were heterozygous for the variant had worse outcome.
Sex hormones
Sex hormones play a role in dimorphic clinical expression of acute infectious diseases. Hence, clinical presentation is often attenuated in women, partly explaining the differences in reported incidences of infectious diseases. Chen et al. [18] exposed male or female C57BL/6 mice to various infectious insults and then evaluated their cardiac function using echocardiography. Cardiac dysfunction in immune sepsis that was reported in both sexes of mice was significantly less pronounced in female than in male animals. In rats subjected to cecal ligation puncture, we first confirmed that septic cardiac dysfunction was markedly increased in male compared to female animals. β-Blockers were then administered to improve stroke volume and cardiac relaxation. The response to β-blockers improved the cardiac function in male animals, while it was associated with deleterious effects in female animals [19] . Although the host response was mediated by β-blockers, this is likely related to sex-dependent expression of adrenergic receptors. Experimental data revealed a reduced β-adrenergic responsiveness of female hearts [20, 21] . In an experimental model conducted in healthy volunteers subjected to endotoxin administration, females developed a more pronounced proinflammatory response associated with less attenuation of norepinephrine sensitivity than men [22] . Nevertheless, a sexual dimorphism of the cardiovascular response between males and females is still reported.
In animal models of sepsis, it has been found that sex hormones modulate severity of septic-induced damage. Hence, castration of females worsens the lesions, and addition of oestradiol induces the reverse. In a model of traumahaemorrhage, castration of females was associated with an increased mortality [23] , suggesting a protective role of sex hormones. The administration of dehydroepiandrosterone, an intermediate in sex hormone synthesis, to pro-oestrus females after trauma-haemorrhage enhances immunoresponse [24] . Both testosterone [25] and oestradiol [26] have been shown to reduce the production of proinflammatory mediators. In a cohort of intensive care unit patients, Tsang et al. [27] showed that bioavailable oestradiol levels were elevated in those patients, particularly nonsurvivors, and were independently associated with mortality. Because most intensive care unit patients are immunosuppressed, one can hypothesize the existence of an association between immune and hormone responses during sepsis [28] .
Sex hormones also play a role in the susceptibility to intracellular pathogens. In a mouse model of C. burnetii infection, we found an increased number of tissue granulomas and bacterial burden in male compared to female animals [29] . After ovariectomy, the number of granuloma and bacteria increased in female animals; this increase was corrected by the addition of exogenous oestradiol [29] .
Using a transcriptomic approach, we showed that 86% of genes were differentially expressed in males and females infected with C. burnetii and more than 60% of gene modulation was due to sex hormones [30] . In males, there was an enrichment with gene categories related to inflammation and antibacterial immunoresponse, suggesting an enhanced susceptibility of males to C. burnetii infection that is related to inappropriate immunoresponse. In females, we found that the circadian rhythm pathway was altered after C. burnetii infection, suggesting no previous mechanism for the role of oestradiol.
Oestradiol and progesterone produced during menstrual cycle influence the susceptibility to sexually transmitted infections via their actions on the female reproductive tract [31] . Elderly women are particularly prone to recurrent urinary tract infections, but oestrogen supplementation after menopause protects against infections, likely by boosting innate immunity [32] .
Challenge of translating animal models into clinical findings
A discrepancy was often reported between animal and human studies, restricting the development of research programmes in this field. Firstly, this is a complex issue with a large number of players, which evolve with time and disease progression. Disease evolves over a long duration, affecting hormone production in septic patients [33] . Secondly, age is a critical variable in sepsis [33] and in chronic infections such as Q fever [6] . In an experimental model of C. burnetii infection, we showed that age affects host response to C. burnetii infection, with a repressed immunoresponse in mature mice [34] . In clinical studies, results should be analysed according to patient age and hormone status. Thirdly, metabolisms may differ in animals and humans. We previously found that C. burnetii infection affected circadian rhythm through an increased expression of the Per2 gene in females [30] . A converse result was found in humans, with an overexpression in men [35] . This contradiction is due to an inversion of circadian rhythm between mice and humans in relation with the timing of activity [36] . Fourthly, for safety reasons, most clinical trials exclude women who may become pregnant. Hence, new treatments are never tested in this specific population, which makes the risk-benefit balance speculative.
Conclusion
Sexual dimorphism can be regarded as the first step of personalized medicine [37] . Recourse to hormone treatments probably remains speculative at this stage. However, the use of immune treatments or steroids should probably be assessed differently in male and female subjects. Studies must consider sex as a critical factor for subgroup analysis.
